The recent identification of the somatic GNAQ mutation (c.548G > A) provides insight into the pathogenesis of Sturge-Weber syndrome (SWS). Although the primary SWS brain pathology is the leptomeningeal angiomatosis (LMA), cerebral cortical and white matter abnormalities play a prominent role in the disease manifestations. In some cases, SWS brain involvement is present even without detectable LMA on magnetic resonance imaging (MRI). To expand our understanding of the etiology of SWS brain pathology, surgical SWS brain specimens from nine children (age: 0.8-7.5 years) were carefully separated into LMA and (non-LMA) brain tissue; the latter did not contain any vascular malformation. A custom Competitive Allele-Specific TaqMan PCR (castPCR) assay to detect the mutation in GNAQ was performed in these separated specimens. The mutation was present in all nine LMA and seven of the nine non-LMA brain tissues. LMA tissues were significantly enriched by the mutation, as compared with non-LMA brain (mean: 7.2 AE 2.1% and 1.2 AE 0.4%, respectively; p ¼ 0.008). These results demonstrate that the somatic GNAQ mutation in SWS is not confined to the venous vascular malformation but can directly (although less severely) affect underlying brain parenchyma, not directly affected by LMA, and possibly contribute to SWS brain pathology. Future studies should identify the specific cell type(s) affected by the mutation in the SWS-affected brain parenchyma.
Introduction
Sturge-Weber syndrome (SWS) is a sporadic neurocutaneous disorder characterized by a facial port-wine stain (PWS), leptomeningeal angiomatosis (LMA), and vascular glaucoma.
1 Both the PWS and the LMA are vascular developmental malformations, likely caused by a somatic mutation in the GNAQ gene. 2 Damage of brain tissue underlying the LMA is thought to be secondary, caused by impaired venous blood flow resulting in chronic ischemia, neuronal loss, atrophy, and calcification, thus leading to cortical and white matter abnormalities on imaging. [3] [4] [5] In addition to gliotic changes in SWS-affected brain, recent studies also demonstrated the common presence of cortical developmental malformations, hypertrophic pyramidal neurons, and overexpression of angiogenic factors in both neurons and glial cells from SWS surgical tissue. 3, [5] [6] [7] However, it is still not clear whether SWS brain tissue damage is always secondary to LMA-induced hypoxia or could develop or worsen due to primary involvement of non-LMA brain tissue. Recent studies demonstrated that the GNAQ mutation is enriched in endothelial cell populations in both SWS skin capillary malformations and SWS brain specimens that included LMA. 8, 9 However, since LMA was not separated from underlying brain tissue, the presence of the mutation in non-LMA brain tissue remained unknown. To address this issue, the goal of this study was to identify the pattern of the somatic GNAQ mutations in surgical SWS brain specimens separated into LMA and non-LMA brain tissue.
Methods

Subjects
Epilepsy surgery brain tissues from nine children with unilateral SWS, who underwent resective surgery for medically refractory epilepsy at the Children' 
DNA Extraction
Genomic deoxyribonucleic acid (DNA) was extracted from all samples with the ZR Genomic DNA-Tissue MiniPrep (Zymo Research, Irvine, California, United States) according to the manufacturer's protocol for FFPE tissues. Briefly, tissues were deparaffinized by incubating with xylene at 20°C for 1 hour, twice. Tissue samples were rehydrated by washing with 100, 95, and 75% ethanol followed by one wash with DNAse-free water. Proteinase K digestion was performed at 55°C for 12 hours. DNA was spin-column purified and eluted in DNAse- 
GNAQ Mutation Detection
A custom Competitive Allele-Specific TaqMan PCR (castPCR) assay to detect the c.548G > A mutation was obtained (GNAQ_52975_mu and GNAQ_52975_wt; ThermoFisher Scientific, Waltham, MA). The castPCR assay was performed according to the manufacturer's instructions in a 20 µL reaction volume with 50 ng of genomic DNA and 1Â TaqMan Genotyping Master Mix using a StepOnePlus Real-Time PCR System (ThermoFisher). Synthetic GeneArt Strings DNA Fragments (ThermoFisher) corresponding to wild-type and the mutant sequences were used for the assay DNA standards. Data were collected with a manual Cycle Threshold (C T ) of 0.25. The raw data were analyzed using the Mutation Detector software (ThermoFisher). A calibration ΔC T value (Eq. 1) was calculated and used to normalize the mutant and reference assays. Normalized sample ΔC T values (Eq. 2) were obtained for each sample, and the % mutation was calculated (Eq. 3).
Statistical Analysis
The percentage of DNA containing the mutation in the nine paired LMA and non-LMA brain tissue samples were compared using the Wilcoxon signed-rank test. Based on the sensitivity threshold of 0.1%, 10,11 the samples were also classified as positive or negative for the mutation. Percent GNAQ mutation in LMA and non-LMA brain samples were correlated with clinical seizure variables and extent of MRI brain involvement (number of lobes affected) using the Spearman's rank correlation test. A p-value of less than 0.05 was considered to be significant.
Results
Histopathology in the resected brain tissues showed characteristic LMA (►Fig. 1C). Underlying brain parenchyma showed moderate-to-severe gliosis and variable amounts of calcification, involving both cortex and white matter in all specimens (►Fig. 1C). CD68 staining showed variably prominent populations of microglia and macrophages, which were extensive in some samples (►Fig. 1C). Four patients had moderate-to-severe neuronal loss, three had milder neuronal loss, and two patients had no significant neuronal loss in the specimens. Intraparenchymal capillaries and veins were often prominent, but LMA was confined to the leptomeninges. None of the specimens had evidence of dysplasia or other cortical developmental abnormality. Using the threshold of 0.1%, all nine LMA and seven out of nine non-LMA brain tissue samples were positive for the mutation (►Table 1). The mean percentage mutation in LMA and non-LMA brain tissue was 7.2 AE 2.1 and 1.2 AE 0.4%, respectively, with LMA tissues significantly enriched by the mutation compared with corresponding non-LMA brain tissue (p ¼ 0.008). GNAQ mutation percentage showed no correlation with clinical seizure variables or extent of brain involvement on MRI.
Discussion
Even though GNAQ gene mutation is likely the driver mutation in SWS, previous studies did not separate LMA from non-LMA-containing brain tissue to detect the mutation. In this study, we demonstrated that the mutation was present in all LMA samples, and the mutation frequency was higher in the LMA compared with non-LMA brain tissue in all but one SWS surgical sample; however, the majority of the non-LMA brain tissues also had a detectable amount (0.16-2.9%) of the somatic GNAQ mutation. The variability of mutation frequency across tissues could be due to differences in tissue composition, due to variation in tissue sampling, or due to a more fundamental factor such as heterogeneity in mutation origin time.
GNAQ mutation in nonvascular tissue elements has been reported in the facial PWS. 12 In that study, 60% of the patients had mutations in the blood vessels only, 20% had mutations in connective tissue without blood vessel involvement, and the remaining 20% had mutations in both blood vessel and connective tissue. In another recent study, observation of GNAQ mutation in white blood cells and buccal swabs in 10% of the samples has been attributed to the common mesodermal origin of blood cells, buccal lymphocytes, and endothelial cells. 13 These findings, together with our current data, indicate that while the vascular malformation are enriched in GNAQ mutation, there are also GNAQ mutation-affected cells in nonvascular tissue in a significant proportion of SWS cases. The particular cell type(s) harboring the mutation in the brain remain to be determined, although it has been speculated to involve cells of mesodermal lineage. 13 Considering the presence of pyramidal neurons with abnormal morphology and cortical developmental malformations in some SWS patients, 5-7 involvement of cells of neural crest origin in a postzygotic somatic mutation should also be explored. Identification of the cell type(s) in
Calibration ∆C T = C T(mutant allele assay positive control) -C T(gene reference assay positive control)
ðEq: 1Þ non-LMA brain parenchyma harboring the mutation would not only be informative for the timing of the mutation during embryonic development, but mutation in nonvascular cells would also provide a plausible new mechanism of brain damage extending beyond the region of the LMA; this could also explain SWS cases where no evidence of LMA can be detected despite clinical and/or radiological evidence of brain involvement.
Normalized Sample ∆C T = [C T(mutant allele assay) -C T(gene reference assay) ] -Calibration ∆C
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The GNAQ gene mutation is an activating mutation that may lead to increased cell proliferation through increased signaling through the mitogen-activated protein kinase (MAPK) pathway.
2 In a previous study, both LMA and, to a lesser degree, cortical blood vessels showed elevated endothelial proliferation, whereas overexpression of vascular endothelial growth factor was found both in blood vessels and in neurons and glia of SWS surgical specimens. 3 Whether the ongoing, low-level proliferation in SWS brain is related to the observed GNAQ mutation pattern in non-LMA brain tissue will require further mechanistic studies. Also, the role of mechanistic target of rapamycin (mTOR) pathway activity, hypothesized to play a role in SWS pathology,
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needs to be studied further in both LMA and non-LMA brain tissue. It should be noted that patients with SWS who undergo epilepsy surgery typically exhibit a more severe form of the disease. Surgical specimens from such patients often contain brain regions with perivascular calcifications and cortical developmental abnormalities along with extensive gliosis, 3, 5, 7, 16, 17 i.e., histopathology changes that could contribute to both severe epilepsy and neurocognitive deficits. It is possible that patients with a milder clinical phenotype of SWS would show a different pattern of GNAQ mutation in brain and LMA tissue. Nevertheless, the current findings strongly suggest that future studies of cellular origin of the mutation, and associated changes in protein expression and function, should not only focus on vascular elements but should also explore nonvascular cells of the underlying brain tissue to obtain a comprehensive understanding of the mechanisms involved in the pathoembryogenesis of SWS. Immunostaining for the macrophage/microglia marker CD68 (bottom right) shows scattered macrophages and reactive microglia in a diffuse pattern. Scale bars are 50 µM.
